Abstract. To predict water breakthrough time for horizontal wells in gas reservoirs with edge water is in favor of the efficient development and reasonable evaluation of gas reservoirs. All existing models for the prediction assumed that the gas conformed to Darcy flow. For the horizontal well with high production, effect of the non-Darcy flow should be taken into consideration because of the high speed of gas flow. In order to analyze the actual water breakthrough time for horizontal wells in gas reservoirs with edge water, on the basic of the theory of mass point percolation flow through porous media for horizontal wells, a formula was developed to predict water breakthrough time for horizontal wells in gas reservoirs with edge water, considering non-Darcy flow, reservoir fluid property, length of horizontal interval and other factors. A calculation example of a horizontal well has been performed and the effect factors have been analyzed. Results indicate that compared to the formula which ignores the effect of the non-Darcy, an example shows that the correlation in the paper is more tally with the actual situation.
Introduction
In the exploitive process of gas reservoirs with edge-water, water invasion and water breakthrough are caused by the injection of edge-water tonguing, thus reducing the recovery ratio of the gas reservoir [1] . The prediction of water breakthrough time of production wells in gas reservoir with edge-water is the basic of adjusting the gas well development technology. For water breakthrough time, some scholars at home and abroad have conducted the research about it. Nai-guang Shi et al (1992) used a systematic identification method to predict water breakthrough time [2] . Guang-zhi Shi et al (2006) studied the law of edge-water propulsion by numerical simulation [3] . Kuo (1938) [4] , Hui-qiang Wang (2008) [5] et al calculated the water breakthrough time based on the permeable law of the fluid particle in porous media. On this basis, Fu-rong Yang et al (2003) [6] derived a calculation formula of water breakthrough time for the high capacity gas well, Guang-wei Liu et al (2014) [7] deduced the water breakthrough time formula for the horizontal well. Zhou-hua Wang et al (2016) [8] established the prediction model of the water breakthrough time of gas reservoirs with edge-water considering the effect of gravity and non-Darcy flow.
All of above models for water breakthrough time prediction in the horizontal well consider the gas flow as Darcy flow. However, due to relatively high production of horizontal Wells, fluid flow velocity in the layer is very high. And the closer the well axis, the higher the flow velocity, the influence of non-Darcy flow effect on water breakthrough time also cannot be ignored. Therefore, based on the porous media permeable law, we derived a high production prediction formula of horizontal well water breakthrough time considering the gas non-Darcy flow effect, gas/water mobility ratio, initial irreducible water saturation (SWB), residual gas saturation (RGS), the distance between the hole to the edge-water boundary, horizontal section length for edge-water gas reservoir, and has carried on the instance analysis. The research results have certain guiding role for scientific and efficient development of edge water gas reservoir.
Model Building and Formula Derivation
As shown in Figure 1 , the initial gas-water boundary is approximately treated as a straight line and denoted as y. The distance between the horizontal production well to y is a, and the horizontal section length of horizontal well is L. According to the fluid mechanics in porous medium theory, ellipsoid model is adopted [9] as the seepage model for horizontal Wells. According to the existing research results of horizontal well flooding law of edge water reservoirs, the water invasion of horizontal Wells is promoted by means of water tongue. Therefore, when the gas well begins production, the gas-water interface starts to push towards the bottom of the well, and the gas-water interface becomes curved y'. Based on the above seepage flow pattern, it is assumed that M is the water-tongue penetration point, N is the central position of the horizontal perforation section, and the distance between M and N is r. On the basis of satisfying the seepage law of gas-water two phases, the following assumptions are made for the derivation process :(1) equal thickness homogeneity of the reservoir, water phase displaces gas phase by piston like displacement.(2) the capillary pressure (CP) and gravity are not considered.(3) both the viscosity and density of the gas and the water are constant.(4) water phase seepage conforms to Darcy's law, and is linear seepage; gas phase seepage does not satisfy Darcy's law, and is non-linear seepage.
According to the gas-water two-phase seepage rule, the gas-water two-phase movement equation is obtained by considering the non-Darcy flow effect of the gas [10] are: ( 2) The pressure gradient of the gas phase is equal to that of the water phase on the gas-water interface regardless of the capillary pressure (CP). There are:
Equations (1) and (2) are substituted into equations (3), and the units in the formula are unified according to the practical unit of the mine, so that the seepage velocity of the water phase can be obtained: M gw-Gas/water mobility ratio; p g-The gas phase pressure, MPa; p w-The water phase pressure, MPa; r -The distance between water quality point to the well, m; u g-Gas viscosity, mPa·s; u w-The viscosity of water phase, mPa·s; v g-The gas phase velocity, m/d; v w-The water phase velocity, m/d; K g-The gas phase permeability, mD; K w-The water phase permeability, mD; β -A coefficient describing the effect of turbulence on the pore media [11] [12] [13] , m -1 ;
ρ g-The gas phase density, g/cm 3 ;
K gwi -The gas phase permeability at irreducible water saturation S wi , mD; K wgr-The water phase permeability at residual gas saturation S gr , mD.
In porous media, taking into account the effects of porosity, original bound water saturation and residual gas saturation, the distance of water quality point moving from the center of horizontal perforation section in dt time to N point is:
Equation (5) is deformed and integrated to obtain the breakthrough time of water particles moving from the initial gas-water interface to the bottom of well:
Suppose the drainage region of a horizontal well is an oval. The equipotential surface at the point M on the water advance front is also elliptic, so the size of the long semi-axis is r+L/2, and the short semi-axis is r [7] . The seepage velocity of the gas phase can be expressed as: 
Equation (9) is the calculation formula of water breakthrough time in horizontal well of homogeneous isotropic edge-water gas reservoirs considering non-Darcy flow. Calculation formula for water breakthrough time in horizontal well of homogeneous isotropic edge water gas reservoir without consideration of non-Darcy flow [7] :   
Case Calculation and Analysis of Influencing Factors
There is a production horizontal well in the edge-water gas reservoir, the reservoir thickness h is 10m, the porosity φ is 0.05, and the irreducible water saturation S wi is 0.43, residual gas saturation s gr is 0.11, the gas phase permeability at irreducible water saturation S wi is 0.217mD, the water phase permeability at residual gas saturation S gr is 0.364mD, gas phase permeability K g is 9.8md, gas phase density ρ g is 0.2829 g/cm 3 , the gas formation volume factor B g is 0.00313 m 3 / m 3 ,the gas viscosity μ k is 0.0348mPa·s , the water viscosity μ w is 0.39mPa·s,the horizontal section length of horizontal well Lis 480m, the central position of horizontal section is 450m from the initial gas-water boundary, and the average production before water breakthrough q g is 56 x 10 4 m 3 / d. By substituting the above basic parameters into equation (9) , it can be found that the water-breakthrough time of the horizontal well considering non-Darcy flow is 901d, and the water-breakthrough time of the horizontal well without considering non-Darcy flow is 936d by substituting equation (10) .
The daily gas and water production curve of this horizontal well is shown in figure 2 . It can be seen from the figure that this well was put into production on January 8, 2010, the well began to see water on June 10, 2012, and then the production rapidly declined, and its water production time was 884d. By comparing the actual water breakthrough time of the horizontal well with the water breakthrough time calculated by the formula in this paper, it can be seen that the relative error is 1.9% .And compared with the calculation results considering non-Darcy flow, the relative error is larger, which is 5.9%.This is because of the influence of non-Darcy flow of gas leads to the increase of gas velocity, so the edge water breakthrough time becomes shorter, which also indicates that the calculation formula in this paper is more in line with the actual situation.
Non-Darcy flow, gas well distance from the initial gas-water boundary, horizontal section length of horizontal well and gas well yield are several important factors that affect the water breakthrough time of edge water gas reservoir.
In figure 3 , the correlation curves are about water breakthrough time and different production Wells' initial gas-water boundary distance. And the curve is respectively taken into account the non-Darcy flow and the non-Darcy flow. It can be seen from the figure that the larger the horizontal well distance from the initial gas-water boundary is, the longer the water appearing time is. With a certain distance from the initial gas-water boundary, the water-breakthrough time taking into account the non-Darcy flow is shorter than that without considering the non-Darcy flow. Figure 4 is the correlation curve of the water breakthrough time change with gas well yield under a series of different horizontal section lengths. As can be seen from the figure, as the length increases, the water breakthrough time of edge water becomes longer. This is because with the increase of the length of horizontal section, the seepage area of horizontal well becomes larger and the seepage velocity decreases, which is conducive to the inhibition of edge water tongue. When the horizontal section length is a constant, with the increase of gas well production, the water breakthrough time decreases, and the speed reduce faster. This is because, with the gas well yield and the velocity increasing, when the gas well production increases to a certain degree, the non-Darcy flow caused by the high velocity gas seepage cannot be ignored, will accelerate the water breakthrough in gas well. 
Conclusion
(1)According to the calculation of an example shows, compared with the high-yielding Wells without considering the non-Darcy flow, the prediction formula of the high-yielding horizontal Wells water breakthrough time with the non-Darcy flow has smaller calculation results and higher calculation accuracy, which is more in line with the actual situation of edge-water gas reservoir.
(2) The water breakthrough time of edge water becomes longer as the length of horizontal section increases; the water breakthrough time decreases with the increase of gas well production and the rate of decrease is getting faster.
